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Abstract  9 
A major source of airborne pollution in arid and semi-arid environments (i.e. North Africa, 10 
Middle East, Central Asia, and Australia) is the fugitive particulate matter (fPM), which is a 11 
frequent product of wind erosion. However, accurate determination of fPM is an ongoing 12 
scientific challenge. The objective of this study is to examine fPM emissions from the loose 13 
Calcisols (i.e. soils with a substantial accumulation of secondary carbonates), owing to 14 
construction activities that can be frequently seen nowadays in arid urbanizing regions such 15 
as the Middle East. A two months field campaign was conducted at a construction site, at 16 
rest, within the city of Doha (Qatar) to measure number concentrations of PM over a size 17 
range of 0.25-32 µm using light scattering based monitoring stations. The fPM emission 18 
fluxes were calculated using the Fugitive Dust Model (FDM) in an iterative manner and were 19 
fitted to a power function, which expresses the wind velocity dependence. The power factors 20 
were estimated as 1.87, 1.65, 2.70 and 2.06 for the four different size classes of particles 21 
≤2.5, 2.5-6, 6-10 and ≤10 μm, respectively. Fitted power function was considered acceptable 22 
given that adjusted R
2
 values varied from 0.13 for the smaller particles and up to 0.69 for the 23 
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larger ones. These power factors are in the same range of those reported in the literature for 24 
similar sources. The outcome of this study is expected to contribute to the improvement of 25 
PM emission inventories by focusing on an overlooked but significant pollution source, 26 
especially in dry and arid regions, and often located very close to residential areas and 27 
sensitive population groups. Further campaigns are recommended to reduce the uncertainty 28 
and include more fPM sources (e.g. earthworks) and other types of soil. 29 
Keywords: Air pollution; Construction emissions; Fugitive particulate matter; Carbonates, 30 
Calcisols; Middle-east region 31 
Research highlights  32 
 Fugitive PM (fPM) emissions due to wind erosion at construction sites were assessed 33 
 Field measurements and modelling for the estimation of fPM emissions carried out 34 
 Emission flux functions developed for four particle size classes of loose Calcisols  35 
 Good agreement found between modeled and measured concentrations 36 
 High uncertainty was observed for both developed and literature flux functions 37 
1. Introduction 38 
 39 
A major source of airborne pollution in dry arid lands is the fugitive particulate matter 40 
(fPM), which is a frequent product of soil erosion from winds (Tsiouri et al., 2014). The 41 
meteorology and low vegetation cover of arid regions make them highly susceptible to wind-42 
blown particles. On the other hand, many such regions, like the  Middle East Area (MEA),  43 
are experiencing rapid rates of urbanization, industrialization and construction, resulting in 44 
increased human exposure to the airborne PM. Significant emissions of PM in these areas 45 
come from industry, construction, road traffic and natural sources (Tsiouri et al., 2014). 46 
Studies in Kuwait, Iraq and Iran have reported hazardous minerals associated with the 47 
  
transported dust (Bu-Olayan and Thomas, 2012; Engelbrecht and Jayanty, 2013; Rashki et 48 
al., 2013). The World Health Organization (WHO) had set annual mean limits for PM10 (i.e.  49 
≤10 µm in aerodynamic diameter) and PM2.5 (i.e. ≤2.5 µm) of 20 µg m
-3
 and 10 µg m
-3
,
  
50 
respectively (WHO, 2005). However, PM levels exceeding 6-8 times the WHO guidelines 51 
were recently observed in many cities in the arid Middle Eastern region (WHO, 2014). For 52 
example, PM10 annual mean concentrations have been reported as 128 µg m
-3 
in Amman, 135 53 
µg m
-3 
in Cairo, 168 µg m
-3 
Doha, and 170 µg m
-3
 in Abu Dhabi between the years 2010 and 54 
2012 (WHO, 2014). There are substantial evidence that airborne PM contributes to haze, acid 55 
rain, global climate change, asthma, cardiopulmonary disease and decreased life expectancy 56 
(Heal et al., 2012; Kumar et al., 2014). The severity of health effects due to PM exposure 57 
depends mainly on the levels of ambient concentration and the length of exposure (Pope lll 58 
and Dockery, 2006). This is evident from the link between ambient PM pollution and 59 
increased mortality through several studies over the past decade (Chen and Lippmann, 2009; 60 
Pope lll and Dockery, 2006; Samoli et al., 2008). Although chemically “inert”  and just a 61 
portion of airborne particles, fPM cannot be ignored as they comprise the majority of PM in 62 
many arid and semi-arid environments (Marticorena and Bergametti, 1995) and need to be 63 
studied and regulated (USEPA, 2011). 64 
According to the Food and Agriculture Organization (FAO, 2014), one of the most common 65 
reference soil groups of arid and semi-arid environments are the Calcisols, formerly been 66 
called “Desert Soils”. These soils cover big areas of Middle-East, North Africa, Central Asia 67 
and Australia (see Figure 1). Emission inventories for dust particles and PM are available for 68 
European (EMEP/EEA, 2013) and North American (EMEP/EEA, 2013; USEPA, 1995) 69 
domains. These inventories cover information on fugitive emissions from some sources such 70 
as agricultural (Pouliot et al., 2012), while non-exhaust vehicle emissions and emissions 71 
  
produced by wind shear and material transfer processes remain poorly attended (Kumar et al., 72 
2013; Winiwarter et al., 2009) and limited to the regional scale (Schaap et al., 2009).   73 
Determination of fPM emissions has been an ongoing challenge for the air quality research 74 
community because of the induced health effects and the large uncertainty in their 75 
determination (Neuman et al., 2009; Roney and White, 2006). Different approaches such as 76 
field measurements (Brown et al., 2008; Kouyoumdjian and Saliba, 2006; Shahsavani et al., 77 
2012), laboratory scale testing (Neuman et al., 2009; Roney and White, 2006) and dispersion 78 
modeling (Ono et al., 2011) have been used for developing adequate techniques to estimate 79 
fPM emissions. In the work of Ono (2006), sand flux measurements from four areas at 80 
Owens Lake, California (USA) were measured using low-cost Cox Sand Catchers (CSC) and 81 
electronic sensors. These measurements were used to empirically determine the surface 82 
erosion potential, followed by an application of Gillette Model to estimate the sand flux. The 83 
latter provided good predictions (R
2
 ranging from 0.72 to 0.87) when compared to the 84 
measured hourly sand flux rates. Recently, Ono et al. (2011) quantified the windblown PM10 85 
from Mono Lake in California (USA), using the Dust Identification (Dust ID) method. In this 86 
method, PM10 emissions are calculated using the proportionality ratio (presented as K-factor) 87 
between the vertical and horizontal flux of PM10; these fluxes are estimated using the mass of 88 
saltating particles measured by CSCs. Hourly emissions were then entered into a dispersion 89 
model (AERMOD - American Meteorological Society/Environmental Protection Agency 90 
Regulatory Model) to predict hourly PM10 concentrations. The model predictions were 91 
compared to the concentrations measured on-site in order to calculate hourly K-factors, and 92 
use them to re-calculate hourly PM10 emissions. This method, which accounts for the change 93 
in surface conditions, provided good results (factor of two, FAC2 = 60.2%, R
2 
= 0.77 94 
between modeled and observed data) compared to the wind tunnel-based emissions measured 95 
  
for the same surface. Kinsey et al. (2004) used time-integrated and continuous exposure 96 
profiling to evaluate the emission factors of PM10 and PM2.5 for mud carry out from a major 97 
construction site in metropolitan Kansas City in Missouri (USA). Time-integrated air 98 
sampling was conducted using high-volume air samplers to collect PM10 and PM2.5 samples 99 
from the site. In addition, vacuum sweeping was used to collect surface samples for the 100 
analysis of roadway material, and pneumatic traffic counters and visual recordings for the 101 
vehicle loads. Emission factors (expressed in mass emitted per vehicle distance traveled, μg 102 
km
–1
) were calculated by normalizing the spatially integrated exposure (total particle mass 103 
collected) against traffic volume (total distance traveled from all vehicles). The resulted PM10 104 
emission factor was found to be within the range reported earlier (USEPA, 1995) but PM2.5 105 
factor was far lower.  Another work was presented by Abdul-Wahab (2006) to assess the 106 
impact of fPM emissions from cement plant activities using the fugitive dust model (FDM). 107 
Her work made estimates of the emission rates using the empirical emission factors reported 108 
in the Australian National Pollutant Inventory (NPI, 1999), and entered them along with the 109 
meteorological and receptor data into the FDM to compute the dust emission concentrations. 110 
Model predictions were compared to the actual concentrations measured at residential areas 111 
adjacent to a cement plant. These measurements were measured using high volume samplers 112 
that collect total suspended particulates (TSP) and calculate their concentrations using the 113 
sample volume. Although the model showed an under-prediction of the measured 114 
concentrations, a correlation coefficient of (R
2 
= 0.92) was obtained when comparing 115 
predicted and measured values. 116 
Other studies followed the wind-tunnel approach, such as the work presented by Roney and 117 
White (2006), to determine fPM emissions from Owen’s (dry) Lake in California (USA) 118 
using an environmental boundary layer wind tunnel (Saltation Wind Tunnel - SWT). The 119 
  
tunnel was used to measure PM10 concentrations and vertical velocity for multiple soil 120 
samples and different surface conditions. The emission rates were then obtained through a 121 
material balance of the control volume and the inlet/outlet mass fluxes. The ratios of vertical 122 
flux/horizontal flux and horizontal flux/total soil flux were calculated and plotted using the 123 
wind tunnel results and were found to agree with other field studies (Gillette et al., 1997; 124 
Niemeyer et al., 1999) of Owen’s Lake.  A similar wind-tunnel approach was followed by 125 
Neuman et al. (2009) to obtain the relationship between fPM emissions, wind velocity and 126 
water content of mine tailings. Recently, Sanderson et al. (2014) also found good agreement 127 
between wind tunnel and field measurements when applied to fugitive emission rates from a 128 
large nickel smelter in Sudbury, Ontario (Canada). In their work, mass emission rate was 129 
measured through a wind tunnel experiment using the control volume method while vertical 130 
dust flux was determined using finite difference approximation. A comparison showed a 131 
strong agreement between the measured rate and flux (R
2 
= 0.99), and that both vary with 132 
friction velocity with a strong correlation (R
2
 = 0.80-0.95). In the work of Yuwono et al. 133 
(2014), wind speed and soil moisture dependent emission factors were developed to calculate 134 
dustfall and suspended particles from two different types of soil (Oxisol and Ultisol). Dustfall 135 
and suspended particles were measured for a number of collected soil samples using a lab 136 
scale wind tunnel, followed by a statistical analysis to obtain the Pearson correlations and the 137 
relative contribution of wind speed and soil moisture, and their exponential relation to the 138 
dust generation rate. 139 
For the air quality management, emission estimates are necessary in order to evaluate the 140 
sources, design control strategies and develop suitable mitigation techniques. One way to 141 
quantify emissions is using the empirical factors developed by well-established 142 
environmental institutions. However, information on fPM emissions in the currently available 143 
  
inventories is limited compared to a large number of different sources that can produce fPM 144 
emissions. Furthermore, using analogs factors may results in inaccuracies when applied to 145 
certain surfaces of interest (Sanderson et al., 2014). It is worth noting here that the existing 146 
factors were developed for certain geographical regions (e.g. geology) and weather 147 
conditions, which may lead to inaccuracies when applied to other conditions. Up to date, the 148 
vast majority of studies on fPM emissions modelling focus on the wind erosion of typical 149 
soils and bare lands of North America and Europe.  150 
In this study, we focus on the fPM emissions modelling from a common soil – the Calcisols – 151 
in dry and semi-dry regions of North-Africa, Middle East, Central Asia and Australia (Figure 152 
1). In addition, we consider the wind erosion of loose soil owes to human activities i.e. 153 
construction earthworks. We employ both, the field measurements and dispersion modeling, 154 
to correlate meteorological variables, fPM concentrations, and emission fluxes. The overall 155 
objective is to understand the Aeolian erosion mechanisms and obtain the emission factors of 156 
fPM produced by a specific type of soil and surface conditions. Therefore, we chose a 157 
construction site at rest as a study area, located within the City of Doha, State of Qatar. To 158 
the best of our knowledge, this is a unique study focusing on fPM from construction areas, 159 
which are usually very close to, or within residential areas and has a direct impact on the 160 
local air quality. 161 
2. Methodology 162 
 An experimental field campaign and dispersion modeling are combined in order to 163 
examine the relationship between the meteorological variables and fPM emissions, and 164 
develop the specific functions for the emission fluxes (i.e. emission rates per area). The field 165 
campaign was conducted for measuring number concentrations at two locations – a 166 
  
construction site and a background location. Thereafter we used a  dispersion model – FDM 167 
(Winges, 1991) – in an iterative manner to estimate the source-receptor relationship. The 168 
modeling and experimental results were post-processed for the calculation of the emission 169 
fluxes and the development of their new functions. Finally, these functions were compared 170 
with the functions reported in USEPA’s AP-42 (USEPA, 1995), and also applied for the 171 
calculation of ground level PM concentrations, as a step of evaluation.  172 
2.1 Site Description 173 
The experimental field campaign was conducted for a period of two months between 174 
April and May 2014. Particle number concentrations and meteorological parameters (i.e. 175 
wind speed, wind direction, relative humidity, ambient pressure and temperature) were 176 
measured at two locations: a construction site (which is also the studied source) and a 177 
background location (Figure 2a). The background station was placed on the rooftop of a 178 
building (height = 10 m) located ~1.5 km away (northeast) from the construction site station 179 
which was located at the southern boundary of the construction site (Figure 2b). Both sites 180 
are located within the Education City of Doha, (State of Qatar); the Education city is a 181 
complex that hosts branch campuses of seven international universities, a number of research 182 
centers, industry-related offices and student recreational activities (Figure 2a). In this 183 
complex, most buildings are of low height (1-2 floors; <10m). Although there are some 184 
buildings with 3-4 floors, none of them is directly in between the two monitoring sites. On 185 
the other hand, there is a wide road in between the two sites with considerable traffic (both 186 
light and heavy duty vehicles), but still equivalent to all other surrounding roads. The specific 187 
construction site (~0.15 km
2
; Figure 2b) was selected because it was at rest during the 188 
campaign, so we consider that Aeolian erosion of the loose soil was the only source of fPM. 189 
The site was also chosen as it represents a typical open bare land covered by the carbonates 190 
  
based soil of the region, highly susceptible to wind activity and close to residential areas 191 
(Figure 2a). According to the wind roses diagrams for the monitoring stations, no significant 192 
impact was observed from nearby buildings and obstacles on their wind velocity and 193 
direction (Figure 3). We also studied a number of polar plots (Figure 3b and c: mean PM10 194 
concentrations and Figure S1: weighted mean PM10 concentrations by wind speed/directions) 195 
and observed negligible influence by other major sources for the selected wind directions (i.e.  196 
WNW (West-northwest) to ENE (East-northeast)). 197 
2.2  Data Collection 198 
PM number concentrations and meteorological data were collected using Environ 199 
Check 365#, which is an air quality monitoring station manufactured by Grimm Aerosol 200 
Technik GmbH & Co. KG, Germany (Grimm, 2009). The measurement method is based on 201 
laser light scattering. The monitoring station was used to measure both, particle number and 202 
mass concentrations, over a size range of 0.25 up to 32 μm in 31 size channels using a 203 
sampling rate of 1.2 lit min
-1
. It produces particle mass concentrations [μg m-3] using a 204 
proprietary algorithm calibrated to the National Institute of Standards and Technology (NIST, 205 
USA) Arizona test dust. According to vendor’s certificate, measurements are equivalent to 206 
the European Standards EN12341 and EN14907. Prior to the field campaign, a side-by-side 207 
intercomparison was conducted between the two monitoring stations for two weeks, which 208 
resulted in standardized differences of less than 7% (i.e. the maximum of the distribution of 209 
the differences was in all cases within the uncertainty limits of the calibration standards ± 210 
3%). 211 
The main input data required to run the FDM model include meteorological data, sources 212 
information, receptors information and particles characteristics. Meteorological 213 
measurements on a minute basis were recorded by the climate sensor (WS600-UMB by Luft, 214 
  
US) attached to the monitoring station. The accuracy of these measurements was ±0.2 
o
C for 215 
temperature (range –20 to 50 oC), ±2% for relative humidity (range 0 to 100%), ±0.3 m s-1 216 
(response threshold 0.3 m s
-1
) for wind speed, and ±3
o
 (threshold 1 m s
-1
) for wind direction.  217 
Averaging of wind direction was computed by the Mitsuta method (Mori, 1986). In the 218 
absence of atmospheric stability measurements or output from the local meteorological 219 
agency, we obtained it using the turbulence-based (σA) method (USEPA, 2000). This method 220 
employs the standard deviation of wind direction and the scalar mean wind speed for the 221 
calculation of the hourly atmospheric stability. Previously (Gopalaswami, 2015), we have 222 
tested both the wind direction and stability methodologies in comparison with measurements 223 
and mesoscale model calculations, respectively, with good agreement. Mixing heights were 224 
also required by the model as part of the meteorological inputs. General values of the mixing 225 
height (from 400 m to 1800 m) were assigned for each time period following a stability class 226 
based approach (Winges, 1991). This assumption was considered adequate because of the 227 
small size of the site and the vicinity of the monitoring station to the emission sources. 228 
Finally, a roughness length of around 0.06 cm was selected following the textbook 229 
guidelines, which corresponds to a flat desert terrain. This assumption is considered valid for 230 
the internal boundary layer where both the source and monitoring station are located (Barlow, 231 
2014). 232 
2.3  Atmospheric Dispersion Modeling 233 
The United States Environmental Protection Agency (USEPA) has approved a wide 234 
range of well-validated atmospheric dispersion models that can predict concentrations of 235 
various air pollutants on both local and regional scales (USEPA, 2005). Most of these models 236 
are either limited to gaseous pollutants or designed for large spatial domains. In addition, lack 237 
of specific modules to treat different particle sizes may induce deviations on the estimation of 238 
  
concentrations from fugitive dust emission sources (Abdul-Wahab, 2006). In this study, we 239 
aimed to choose a simpler model in order to facilitate inverse calculations.   240 
The FDM, which is selected in this study, is a USEPA developed  air quality model designed 241 
specifically to compute emissions and deposition impacts of fugitive dust sources (Winges, 242 
1991). Although this model is no longer available on the USEPA’s website (last version 243 
1993), it has been used in the latter years by researchers and showed satisfactory results in 244 
predicting fPM from different industrial (e.g. cement and coal mines) sources (Abdul-Wahab, 245 
2006; Trivedi et al., 2009). A study by Prahba (2006) showed a comparison between FDM 246 
and the Industrial Source Complex Short Term Model (ISCST3) for the short-term simulated 247 
emissions from mining activities. The FDM model showed a high accuracy (d = 82%; index 248 
of agreement) in predicting emissions compared ISCST3 model (d = 44%). Another 249 
comparison is presented in Scott (2008), verifying the significance of vehicle traffic and 250 
wind-eroded TSP (from chromite ore processing residue affected soils) and their associated 251 
inhalation risks. Using three different dispersion models (FDM, ISCST3, and AERMOD), 252 
emission estimates within an FAC2 were achieved by both (FDM) and (ISCST3) while the 253 
values predicted by AERMOD were as much as 5-folds of the measured.  254 
FDM is based on the Gaussian plume formulation but specifically adapted to incorporate an 255 
improved gradient-transfer deposition algorithm. Emissions of each source are split into a 256 
number of particle size classes, where a gravitational settling velocity and a deposition 257 
velocity are computed by the model for each class. The pollutant transport is ruled by the 258 
general atmospheric advection-diffusion equation. After a number of simplifying 259 
assumptions, the pollutant concentration is computed using the Eq. (1): 260 
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261 
where χ is the pollutant concentration [g m-3], K is the eddy diffusivity [m2 s-1], Q is the 262 
emission rate [g s
-1
] , u is the wind speed [m s
-1
], σy, σz are the standard deviation of the 263 
concentration in the y and z directions [m], vg is the gravitational settling velocity [m s
-1
], h is 264 
the plume centerline height [m], x, y and z (height) are the coordinates of the receptor [m]. 265 
The v1 is (ud-vg/2) where ud is the deposition velocity [m s
-1
], and erfc denotes the error 266 
function.
 
267 
FDM incorporates point, line and area sources; the latter is used in this study. Area sources in 268 
FDM have to be rectangular up to a width to length ratio of 1 to 5 (Winges, 1991). In order to 269 
obtain the source input information required by the model (i.e. area sources dimensions, 270 
coordinates of the area source center point and release height of emissions), the total area of 271 
the construction site has been divided into 23 smaller area sources (Figure 2b), formed on a 272 
grid of 50×50 m squares. FDM requires strictly rectangular area sources. Therefore, these 273 
squares were grouped in a way to form rectangular area sources, with different dimensions 274 
(see Figure 2b), and to be aligned with the wind sectors. In other words, we aimed to keep 275 
each of these area sources as much as possible within the respective wind sector (Figure 2b). 276 
Although this was not possible in all cases, it later facilitated post-processing of results and 277 
inverse calculations. 278 
FDM expresses PM emission fluxes, owing to wind erosion, as a power function which is 279 
also supported by a large number of emission modeling studies (Sanderson et al., 2014): 280 
wE Q uo                                                          (2)
 281 
  
where E is the emission flux [g m
-2
 s
-1
], Q0 is the proportionality constant [g m
w+2
 s
1-w
], u is 282 
the wind speed [m s
-1
], and w is the wind speed dependence factor [–]. Q0 and w are site and 283 
soil specific parameters, respectively.  284 
2.4  Source Characterization 285 
For the characterization of each area source, and in order to collect additional 286 
information that is necessary for FDM, we collected five soil samples (hereafter referred as 287 
SS#) from different areas of the site and conducted four different types of analysis that 288 
included bulk density calculation, particle size analysis (PSA; Beckman Coulter LS 13 320 289 
Laser Diffraction Particle Size Analyzer, the liquid module), X-ray diffraction (XRD; Rigaku 290 
Ultima IV X-ray diffractometer) and fluorescence (XRF; Rigaku ZSX Primus II Wavelength 291 
dispersive X-ray fluorescence spectrometer). Three samples (referred to as SS1 to SS3) were 292 
collected from the construction site area (Figure 2b) and further two samples (i.e. SS4 and 293 
SS5) from the surrounding area, following the (USEPA, 1995) guideline for soil loading 294 
estimation. The same guideline was followed for the bulk density calculation.  295 
The average density of the tested soil was found to be around 2340 kg m
–3
. The 296 
crystallographic analysis showed that the soil consists mainly of 55% Dolomite (CaMg 297 
(CO3)2), 30% Calcite (CaCO3), 3% Gypsum (CaSO4 2(H2O)) and the remaining 12% is 298 
mostly Silica (SiO2). This is expected since the majority of the surface soil in the State of 299 
Qatar (Figure 2a) is based on carbonates. Particle size analysis showed (Figure 4) that most 300 
samples (SS1 to SS3) from the construction site include two modes at ~20 μm and 900 μm 301 
(particles greater than 2,000 μm had been sieved out). Although the chemical and 302 
morphological compositions were similar for all samples, the samples from the surrounding 303 
area (SS4 and SS5) showed only one mode at around 900 μm. This difference is attributed to 304 
the different earthworks in the two areas. Thus, the soil of the construction site appears to 305 
  
have smaller particles, which would be more susceptible to Aeolian erosion. Following the 306 
above characterization and according to the Food and Agriculture Organization (FAO, 2014), 307 
this soil belongs to “Calcisols”. Calcisols accommodates soils with a substantial 308 
accumulation of secondary carbonates, widespread in arid and semi-arid environments, and 309 
often associated with highly calcareous parent materials. 310 
2.5  Evaluation of Emission Factors 311 
The dispersion model, FDM, was used in an iterative manner to develop the source-312 
receptor relationship and to calculate of the best-fitted emission flux for two averaging 313 
periods (15-minute and 60-minute intervals). Two to ten iterations were performed until 314 
achieving a 3 decimals accuracy (of the values reported in Table 1).The iterative calculation 315 
was performed for five particle size classes (<2.5, 2.5-6, 6-10, 10-20 and 20-30 µm) in order 316 
to match the PM2.5 and PM10 fractions, and the PM fractions discussed in the AP-42; the 317 
compilation of air pollutant  emission factors by USEPA (USEPA, 1995). To perform the 318 
first run of the model, the initial value for the emission flux was assumed to equal to unity 319 
and constant during the whole period. After the first iteration, the emission flux was still 320 
considered equal for all 23 rectangular shaped sources but not anymore constant for the 321 
whole modeling period. This assumption was based on the fact that the construction site 322 
surface material has uniform chemical and morphological compositions (see Section 2.4) and 323 
is exposed to the same conditions (i.e. meteorology). The model (FDM) predicted 324 
concentrations and the measured concentrations were used to correct the emission flux for 325 
each time period and size class, based on the linear relationship between the emission flux 326 
and the concentration: 327 
' M
P
C
E E
C

                                                             (3) 
328 
  
where E is the emission flux [g m
-2 
s
-1
], E` [g m
-2 
s
-1
] is the corrected emission flux, Cp [μg m
-
329 
3
] is the predicted concentration by the model, and CM [μg m
-3
] is the net measured 330 
concentration. The latter was calculated by subtracting the concentration measured by the 331 
background station from the concentration measured by the construction site station (also 332 
called receptor point as per the FDM). For the first run of FDM, E refers to the unit emission 333 
flux (E = 1 g m
-2 
s
-1
). 334 
The calculated emission fluxes (E`), for each particle size class, were classified based on the 335 
cardinal wind direction into twelve wind sectors of 30º each. The background station is 336 
positioned NNE (North-northeast; ~23
o
) of the construction site monitoring station, so we 337 
filtered the data and used those within the WNW to ENE (285
o
 to 75
o
) sectors, as shown in 338 
Figure 2b. This wind direction range is large enough to account for all the fPM emitted from 339 
the construction site, that could reach to the receptor, and to include a representative fraction 340 
of the collected QA/QC (Quality Assured/Quality Controlled) data, in this case, ~ 50%. It is 341 
also small enough to consider the measurements at the background site representative of the 342 
background PM levels.  Due to permission constraints, there were no other better alternative 343 
locations for the two stations. To support our assumption of the selected wind directions 344 
(WNW to ENE or 285
o
 to 75
o
), we examined a number of polar plots (Figure 3b and c) for 345 
both sites. Figure 3c shows balanced mean PM10 concentration levels from all wind directions 346 
for the background station, which means that no significant source affects the measurements 347 
there. For the construction site measurements (Figure 3b), we observe mainly the impact of 348 
the construction site itself (at 285
o
 to 75
o
). The contribution of each wind direction and speed 349 
to the overall mean PM10 concentration value supports the above findings (presented as 350 
Supplementary Information, SI, Figure S1). The correlations between the calculated emission 351 
fluxes and each of the meteorological parameters were examined in order to identify, 352 
  
qualitatively, the confidence in the results.  353 
 354 
3. Results and Discussion 355 
This section presents the results related to the fugitive emissions from the selected 356 
source. Initially, we present and discuss the actual PM measurements. Then, we discuss the 357 
correlations between the meteorology related measurements and various PM fractions. 358 
Furthermore, we present the calculated emission fluxes for each size class and compare them 359 
with literature values for similar sources (e.g. the USEPA’s AP-42). Finally, we use the 360 
estimated emission fluxes to calculate the impact of the construction site, as expressed by the 361 
ground level concentrations. These concentrations are then compared with the measured data. 362 
3.1  Measurements 363 
The weather during the study was typical for the period, with an average temperature 364 
of 31±5 
o
C; there was no rainfall and average relative humidity was found to be in the range 365 
of 32±22 %. Prevailing wind direction was NNW (Figure 3), which is also the annual 366 
prevailing wind direction for the region. In this work, all the measurements are averaged to 367 
15-minutes and 60-minutes. All the data were checked manually for the purpose of quality 368 
assurance and quality control (QA/QC). For steady-state Gaussian plume models, such as 369 
FDM, periods of calm wind (i.e. wind speed <1 m s
-1
) must be treated before entering to the 370 
model (USEPA, 2005). Data with wind speed less than 1 m s
-1
 (7.4% of the valid data) but 371 
greater than the threshold of monitoring station (i.e. 0.3 m s
-1
) were set equal to 1 m s
-1
, and 372 
wind speed data below the threshold of the instrument were disregarded (USEPA, 2005). We 373 
also disregarded the data for the periods when the monitoring stations were non-operational 374 
due to issues such as overheating, clogging, dust storms, and power cuts. It is worth 375 
  
mentioning here that there were periods where the cooling of the background station was not 376 
adequate because it was directly exposed to the sun (internal temperatures greater than 377 
60 
o
C). Eventually, we used around 40% of the total data collected for the analysis and 378 
modelling purposes. 379 
During the study period (40% QA/QC data), very high concentrations were observed at both, 380 
the construction site and background location, for all size classes. Figure 5 presents the time 381 
series plot of the measured particulate matter (PM10 and PM2.5 mass concentrations) and the 382 
wind (velocity and direction) at the site station. PM10 mass concentrations varied from 50 μg 383 
m
-3
 to over 600 μg m-3, while PM2.5 from 10 μg m
-3
 to 200 μg m-3. Mass concentration peaks 384 
followed the high-velocity occurrences, which in turn were demonstrated mainly from 385 
northerly winds. In fact, even low wind velocities (~2 m s
-1
) were also able to demonstrate 386 
PM10 concentrations of around 200 μg m
-3
. Note that the construction site during the whole 387 
period was at rest, there were no other similar construction sites in the vicinity, and the 388 
background mass concentrations in most cases were about an order of magnitude lower than 389 
those from the construction site during the sampling period. Hence, background mass 390 
concentrations were omitted from Figure 5. 391 
On the other hand, during severe dust events (not included in Figure 5) as reported by Qatar 392 
Meteorology department, the background station demonstrated concentrations of both PM10 393 
and PM2.5 about an order of magnitude higher than those at the construction site station 394 
(values were eliminated QA/QC). We could not locate a specific explanation for this trend. 395 
3.2  Correlations between the Measured Concentrations and Wind Speeds   396 
The correlations between all the measured data (meteorology and concentrations) for 397 
both locations and time periods were computed and investigated. The meteorological and 398 
  
concentration measurements at the construction site and the background location were 399 
compared in order to examine the correlation between all the variables. Concerning the15-400 
minute averaged data, a high correlation (R
2
 between 0.74 and 0.99) was observed between 401 
the concentrations of the different size classes at both locations. This indicates that all particle 402 
size classes are strongly related and their largest fraction is affected by the same sources. We 403 
also consider a safe assumption that the construction site produces the majority of the 404 
measured particles, based on the high difference between the concentrations at the two 405 
locations (Section 3.1). Calculation of emission fluxes was made for 15-minutes and hourly 406 
averages. For the 15-minutes averages, a correlation (R
2 
between 0.32 and 0.76) was 407 
calculated between the emission fluxes and measured wind speeds at the site; the higher 408 
correlations were observed for the smaller particles’ size classes (i.e. diameter ≤10 μm). This 409 
is an expected result since wind speed is the main cause of particles entrainment and favors 410 
smaller particles. It is also an indication that the origin of the majority of the smaller particles 411 
is common for the construction and background sites.  412 
The time resolution of 15-minutes was initially chosen based on a rough estimate of the 413 
particles transfer time-scale from the background location to the monitoring station at the 414 
construction site. This way, it was possible to increase the number of available data points for 415 
the emission flux calculations. However, observed correlations were too low, so we used the 416 
60-minutes averages (usually a standard time scale in air quality work). The obtained 417 
correlations were quite higher (i.e. R
2 
between 0.34 and 0.91) and deemed satisfactory. This 418 
result can be interpreted as an effect of the distance between the two monitoring stations.  419 
3.3  Estimation of the Emission Fluxes  420 
Following the methodology described in Section 2.5, we calculated the parameters of 421 
the emission flux function (see Eq. 2). Table 1 presents these parameters (for the hourly 422 
  
averages dataset) and the goodness of fit results for four particle size classes (i.e. ≤2.5, 2.5–6, 423 
6–10 and ≤10 μm). Each function provides the developed emission flux for the corresponding 424 
particle size class and expresses the wind dependence of particles entrainment. Validation 425 
metrics (FAC2, FB, and NMSE) for the predicted emission fluxes are also provided (Table 426 
1). Please note that PM10 emission flux was evaluated twice: (i) once using the predicted 427 
emission flux function, and (ii) once as a summation of the emission fluxes of the first three 428 
classes. However, as shown in Table 1, the latter case gave better results compared to the 429 
predicted function.  430 
The goodness of fit results (Table 1) shows a better performance for larger particles, which is 431 
expected and already demonstrated by the correlations discussed in the text above. Other 432 
empirical studies have developed similar relations for the dust flux, as a power function of the 433 
wind (or friction) velocity, with parameter values of the same range as in this study. 434 
Sanderson et al. (2014) review a good number of these studies, but only a couple of them 435 
cover similar land use and soil composition. For example, Neuman et al. (2009) developed 436 
flux equations with a power factor in the range of 1.3 to 4 for PM10 for various mine tailings. 437 
Emission flux equations for total suspended particles (TSP) from different sources, including 438 
construction, was also developed by Nickling and Gillies (1989) with a power factor in the 439 
range of 1.3 to 3 for PM10 and up to 6 for TSP. 440 
Among these studies, we selected the widely used emission inventory AP-42 (USEPA, 1995) 441 
for comparison since it is partially included in the European, Australian and other inventories. 442 
According to AP-42 the erosion potential for a dry exposed surface is calculated using the 443 
below equation: 444 
* * 2 * *58( ) 25( )t tP u u u u                                                  (4)
 445 
  
where P is the erosion potential [g m
-2
] and ut is the threshold friction velocity. The wind-446 
generated particulate emissions from a surface consisting of both erodible and non-erodible 447 
material can be estimated using the below emission factor equation:  448 
1
N
i
i
EF k P

 
                                                               (5)
 449 
where EF is the emission flux [g m
-2 
year
-1
], k is the particle size multiplier, Pi is the erosion 450 
potential corresponding to the observed fastest mile of wind for the i
th
 period between 451 
disturbances [g m
-2
], N is the number of disturbances per year (used to adapt the Potential for 452 
the selected time scale).  453 
AP-42 provides threshold friction velocities (from 0.43 to 1 m s
-1
) for the selected particle 454 
sizes in the 250 to 4,000 μm range, but not for the typical airborne particles (e.g. PM10 and 455 
PM2.5). The calculated AP-42 emission rates showed very low sensitivity for threshold 456 
friction velocities less than 0.4 m s
-1
. For simplicity, we selected a threshold value of 0 m s
-1
. 457 
Figure 6 presents a detailed comparison of this work and the AP-42 emission fluxes. A good 458 
level of agreement is observed between this work and the AP-42. Note that the AP-42 459 
emission fluxes were developed for open coal mines, which might demonstrate an equivalent 460 
behavior to the fine carbonated loose soil (Calcisols) of this study owing to earthworks. If one 461 
applies an apparent fitting , which is a method applied by default in many tools like Microsoft 462 
Excel, using the logarithmic expression of the power function then the resulted emission flux 463 
has a remarkably good agreement with the AP-42 ones (adjusted R
2
 >0.90). On the other 464 
hand, 90% prediction bands highlight the significant uncertainty of these calculations and that 465 
more studies are necessary to reduce the uncertainty and improve the accuracy (Figure 6). 466 
We applied the new emission fluxes to FDM for the calculation of the concentration at the 467 
receptor (construction site station) and compared them to the measured data (Figure 7). Note 468 
  
that this is a plausible result because all measurements have been used for the calculation of 469 
these emission fluxes. Nevertheless, we have performed this exercise to demonstrate the 470 
overall impact of the “high” uncertainty (i.e. the 90% confidence bound in Figure 6, indicate 471 
a high uncertainty on the estimates).    472 
As shown in Figure 7, modelled values (concentrations) indicate an overestimation of the net 473 
measured concentrations (note that background levels are omitted). Values are filtered in two 474 
groups based on the wind direction: (i) values within the wind sectors where emitted particles 475 
are transferred from the construction site towards the monitoring station (285
o
 to 75
o
), and (ii) 476 
values from the wind sectors where no emitted particles reach the monitoring station (75
o
 to 477 
285
o
) from the construction site. The estimated FDM concentrations (shown in Figure 7) are 478 
acceptable, and for PM10 mainly fall within the FAC2 (factor of two) statistical metric, which 479 
is a common metric in evaluating the performance of dispersion models.  480 
4.  Summary and Conclusions 481 
Air quality is progressively recognized as a critical issue for human health and is a 482 
subject for which comprehensive global emission data are missing. The release of PM from 483 
loose soils is poorly characterized in the widely used inventories and published literature. In 484 
this study, we focused on the fPM emissions from loose Calcisols (soils with a substantial 485 
accumulation of secondary carbonates) that is widely spread in arid and semi-arid 486 
environments (i.e. North Africa, Middle East, Central Asia, and Australia). 487 
A two months field campaign was conducted at a construction site within the city of Doha 488 
(Qatar) to measure PM concentrations over a size range of 0.25 to 32 µm. The time period of 489 
the campaign was chosen deliberatively when the construction site was at rest and the only 490 
source of particles was wind erosion of the loose soil. FDM was implemented to calculate 491 
  
PM concentrations and obtain their emission fluxes in an iterative procedure. The model 492 
results were fitted to a power function, which expresses the wind velocity dependence. Power 493 
factors were estimated as 1.87, 1.65, 2.70 and 2.06 for the particles ≤2.5, 2.5–6, 6–10 and ≤10 494 
μm size ranges, respectively. Power factors fitted to the data were found to show an adjusted 495 
R
2
 that varied from 0.13 for the smaller particles up to 0.69 for the larger ones. These power 496 
factors are in the same range of those reported in the literature for similar sources. Other 497 
validation metrics (FAC2, FB, and NMSE) were estimated. The FAC2 results, for example, 498 
show values between 0.508 and 0.587 for almost all particle size classes. Nevertheless, and to 499 
the best of our knowledge, this is the first study focusing on construction sites (loose soil) of 500 
carbonates based soil. The loose Calcisols is potentially one of the main fPM emission 501 
sources in the Middle-East and other dry arid regions. So, the developed functions can be 502 
incorporated into particulate matter emission inventories (regional and local scale) in order to 503 
improve the assessment of health and environmental impact, and personal exposure. 504 
On the other hand, the large uncertainty on the calculated fluxes is demonstrated by the wide 505 
90% prediction bands, which indicates that more studies are necessary to reduce the 506 
uncertainty in estimating the fugitive emissions from similar sources. Moreover, fPM is 507 
released from a large number of other related sources (i.e. earthworks and vehicles), which 508 
are also poorly characterized. Lacking information on fPM sources is critical, given that 509 
many of these sources can be seen close to residential areas and could have a direct impact on 510 
sensitive groups such as the elderly and children. Future research should aim to demonstrate 511 
the relative impact of different (natural and anthropogenic) fPM sources in arid and semi-arid 512 
areas, their degree of dominance and eventually develop comprehensive emission inventories 513 
to fill the existing gap. 514 
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 648 
Figure 1. Map showing main worldwide areas and the Middle East (inset) covered by 649 
Calcisols (FAO, 2014) 650 
 651 
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 654 
 655 
  
  656 
Figure 2. The study area showing: (a) Qatar geological map and sites locations, (b) outline of 657 
the construction site and the formed 23 area sources (Section 2.3). 658 
 (a) 659 
 (b) 660 
  
 (c) 661 
 662 
Figure 3. (a) Wind rose for the construction site station during the studied period. Polar plots 663 
of PM10 mean concentration (μg m
-3
) by wind speed (m s
-1
), (b) for the construction site 664 
station during the study period, and (c) for the background station during the study period. 665 
 666 
 667 
  
Figure 4. Particle size analysis of the five collected soil samples (SS). Soil SS1 to SS3 are 668 
from within the construction site and SS4 and SS5 are from the nearby area. 669 
 670 
 671 
Figure 5. A time series showing the change of mass concentration and the wind (at the 672 
construction site station) for an indicative period (~1 week) and after the exclusion of invalid 673 
data as described in Section 3.1. 674 
 675 
  
Figure 6. Comparison between this study (estimated emission fluxes), the proposed function 676 
and AP-42 emission fluxes for (a) PM2.5, and (b) PM10. Dashed lines show the 90% 677 
confidence and prediction bands  678 
 679 
Figure 7. Scatter plot of modeled versus measured (net) mass concentrations for: (a) PM10, 680 
and (b) PM2.5. Plots also indicate the data filtered according to wind sectors. Solid line 681 
indicates perfect agreement and dashed lines show a difference of a factor of two (FAC2) 682 
 683 
Table 1 Parameters of emission flux function (E= Q0 u
w
; g m
-2 
s
-1
) for four particle size class 684 
and the goodness of fit results (for hourly averages dataset) 685 
 686 
Particle Size 
Class (μm) 
Q0 w R
2
 
adjusted 
R
2
 
RMSE FAC2 FB NMSE 
≤2.5 (PM2.5) 4.405 × 10
-07
 1.867 0.132 0.121 0.014 × 10
-5
 0.508 0.382 1.563 
2.5-6 1.534 × 10
-06
 1.654 0.444 0.435 1.064 × 10
-5
 0.523 0.165 0.510 
6-10 3.547 × 10
-07
 2.691 0.693 0.688 1.272 × 10
-5
 0.587 0.064 0.435 
≤10 (PM10) 2.475 × 10
-07
 2.061 0.582 0.575 2.668 × 10
-5
 0.015 1.636 14.951 
PM10 (as sum 
of <2.5, 2.5-
6, 6-10)
** 
 
     
    0.569 0.151 0.414 
 
 687 
- RMSE, Residual Mean Square Error 688 
- FAC2, Factor of Two  689 
- FB, Fractional Bias 690 
  
- NMSE, Normalized Mean Square Error 691 
* Quality acceptance: FAC2>0.5 (50%); |FB| <0.3 (±30%); NMSE<0.4 692 
** Predicted emission flux based on the summation of the first three particle size classes  693 
 694 
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Supplementary Information697 
 698 
Figure S1. Polar plot showing weighted mean PM10 concentrations (μg m
-3
) by wind 699 
speed/directions (contribution of each wind speed/direction to the mean value) and site 700 
(background and construction). 701 
